Changes over the years in tornado warning performance in the United States can be modelled from the perspective of signal detection theory. From this view, it can be seen that there have been distinct periods of change in performance, most likely associated with deployment of radars, and changes in scientific understanding and training. The model also makes it clear that improvements in the false alarm ratio can only occur at the cost of large decreases in the probability of detection, or with large improvements in the overall quality of the warning system. 
Introduction
The National Weather Service (NWS) issues tornado warnings and collects observations to evaluate those warnings. Historically, the evaluation has consisted of the probability of detection (POD), false alarm ratio (FAR), and critical success index (CSI).
These quantities can be derived from a 2x2 contingency table (Table 1) 1 . POD and FAR are clearly not independent of each other, and CSI provides no additional information. In practice, one could improve POD by warning on more storms, but that would almost certainly increase the FAR. Increasing POD while decreasing FAR at the same time requires improvements in scientific knowledge or technological application of that knowledge or improvements in identifying events as tornadic or non-tornadic. It would be nice to have a technique to estimate the effects of those changes of issuing additional warnings and improvements in science and/or technology.
In this paper, I will use signal detection theory (SDT) to develop a simple statistical model of NWS current and historical tornado warning performance for the country as a whole. The model will look at the warning system as a black box, without regard to how any particular individual warning is made and will focus on overall performance of the 1 Technically, NWS verification procedures involve calculation of the POD on an event basis (a=total warned events, a+c=total events), the FAR on an areal basis (b=warned counties with no event, a+b =total warned counties), and then calculating CSI from the algebraic relationship between POD, FAR, and CSI for a "pure" 2x2 table. The two "a" values are technically not the same. For the purposes of this paper, that distinction will be ignored. In practice, if the CSI and one of the other two quantities is assumed to be true, small changes in the elements of the 2x2 3 aggregate national warning system. This model will be applied to look at possible changes in performance as a result of increasing or decreasing the number of warnings, consistent with current performance, or changing the quality of the warning system.
Although changing the number of warnings could be done simply by changing decision thresholds, changing the quality of the warning system would require improvements in basic understanding and application of that understanding, a much more challenging task.
Signal Detection Theory Background
SDT provides a framework to analyze the performance of the schemes that identify events as yes or no with uncertain information. The application of SDT to forecast evaluation in meteorology was introduced by Mason (1982) . Swets (1996) provides a more complete discussion. A model of the SDT problem involves considering the distribution of the weight of evidence associated with observed "yes" events and "no"
events. Then, a decision threshold is applied, with events being identified as "yes" or "no" depending upon whether the value of the weight of evidence is above or below the threshold (Fig. 1) . In practice, the threshold for forecast decisions would typically be based upon real or perceived costs associated with misclassification of events, and then minimizing over total costs. For any particular threshold, this produces a 2x2 contingency table.
The classification scheme can be evaluated in the whole by considering tables from the complete range of thresholds. A particularly powerful way to visualize the performance of the system over the complete range is via relative (or receiver) operating 4 characteristic (ROC) curves (Mason 1982) , which plot the probability of detection (POD)
vs. probability of false detection (POFD) as the decision threshold changes (Fig. 2) . As discussed by Wilson (2000) , many applications in different areas of decision analysis can be modelled assuming that the distributions of weight of evidence for "yes" and "no" events are both Gaussian. The Gaussian model makes calculation of POD and POFD simple. The POD is simply the fraction of the Gaussian associated with "yes" events to the right of the threshold and the POFD is the fraction of the Gaussian associated with "no" events to the right of the threshold. In the case where the Gaussians have the same variance, the distance in terms of number of standard deviations between the means of the two Gaussians (D') provides a simple measure of discrimination between the two events.
Using the Gaussian model for the decisions, hypothetical contingency tables for different decision thresholds can be constructed. Because tornadoes are rare events, even when conditions are favorable enough to issue a warning, it is appropriate to consider the case where the "yes" events are less frequent than "no" events. For simplicity, I will assume that the two Gaussians have their means one standard deviation apart (D'=1) and that the frequency of the "yes" event (f) is 0.1, a value that later will be shown to be consistent with historical tornado warning performance. An unbiased (number of "yes"
forecasts equals the number of events) forecast system meeting these criteria would produce POD=0.33 and FAR=0.67 (Table 2a ). The POFD is 0.074 for this case,
indicating that the probability of the forecast of yes being made given that an event occurs (POD) is more than four times as high as the probability when an event doesn't occur (POFD). This implies that the hypothetical forecast system has some ability to 5 discriminate between situations when the event occurs and doesn't occur, implying that some users could benefit from the system.
Unbiased forecasts are not always desirable, however. If the costs associated with a missed event are higher than those associated with a false alarm, the decision threshold might be set at a much lower level than unbiased forecasts, producing a higher POD. If the goal for POD was set at 0.75 for the same D' and frequency of "yes" events, or climatological frequency of the event (f), the resulting FAR would be 0.82 and the POFD would be 0.37 (Table 2b) . If, on the other hand, the costs of false alarms are higher than that of missed events, the threshold might be set based on the FAR. The reduction in FAR that is associated with the increase in POD in the previous example would be to make it 0.25. The corresponding POD with that FAR would be 0.006 and the POFD would be 0.0002 (Table 2c ). Thus, in this hypothetical situation, a low tolerance for false alarms (high costs) leads to very low POD values. If missed events are considered costly, however, much higher FAR values must be accepted. For a constant D', it is impossible to make improvements in POD and FAR at the same time.
Model
My goal is to develop a simple model of the tornado warning system that reproduces much of the observed behavior. In one sense, this model treats the warning system as a black box, only considering the outputs, with no consideration of the process that goes on to produce a warning. It will look only at the results of the behavior leading to warnings, not at the behavior itself. The model produces relationships between the various 6 elements of the 2x2 
and, thus,
With some manipulation, (2) becomes A fundamental difficulty is that it is impossible to know with certainty how many correct forecasts of non-events (element d of Table 1 ) there are. As a result, f is unknown without making some assumptions. To overcome this problem, the forecasts can be stratified (Murphy 1995) . An appropriate stratification is to divide all possible warning situations into those that are trivially easy to determine that there will not be a tornado and those that require a possibly difficult decision to be made. For instance, a weak radar echo in the middle of winter when the atmosphere is below freezing at all levels is unlikely to be considered potentially tornadic, but a strong radar echo with a hook echo in the middle of a tornado watch will require a decision to be made about whether to issue a warning. It is assumed that almost no tornadic events would occur in the "trivially easy"
situations, but there is no way of estimating that number. Focusing on the difficult situations, f can be considered to be the difficult situations that have a tornado. From the stratified perspective, an entry is made in one of the four elements of Table 1 each time a forecast (warning/no-warning) and its corresponding observation (tornado/no-tornado) are made. In this same context, D' can be thought of as a proxy for the quality of the total warning system in the sense that it measures how well tornadoes can be discriminated in the warning process. (Note that for a particular threshold on Fig. 1 , as D' increases, the area given by a increases, so that the POD increases at the same time that the FAR [b/(a+b)] decreases.) The quality of the "warning system" includes, but is not limited to, the science of understanding the phenomena, development of spotter networks, the technology to look at the atmosphere, and the ability of the human forecasters to use the technology to apply the science to the decision problem at hand.
There is no obvious a priori way to determine D' and f. 
Concluding Remarks
Some cautionary remarks are necessary. Performance varies from location to location and situation to situation, so that the relationships apply to overall, national performance and inferences about particular situations must be made with care. In addition, nothing
can be said about changes in lead time for warnings. There is little information on what an appropriate lead time is for optimal response and the simple model here cannot provide any insight. Decision models could be developed that estimate the value of changes in lead time, but they are far beyond the scope of the work here.
Historically, it appears that NWS forecasters issuing tornado warnings have, on aggregate, behaved in a way that can be modelled by a relatively simple decision model. Table 1 with red associated with the "yes"
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Gaussian and blue with the "no" Gaussian. 
